To assess whether genetic factor(s) determine liver triglyceride (TG) levels, a 10-mouse-strain survey of liver TG contents was performed. Hepatic TG contents were highest in BALB/cByJ, medium in C57BL/6J, and lowest in SWR/J in both genders.
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is highly prevalent (9, 20) . Although it resembles alcoholic fatty liver histo-pathologically, NAFLD, by definition, develops in the absence of alcohol abuse (9) . The majority of patients with NAFLD are affected with various aspects of the Metabolic Syndrome, i.e. obesity, hypertension, insulin resistance, type 2 diabetes mellitus, and hyperlipidemia (4) . In the setting of insulin resistance, hepatic lipogenesis may be stimulated, sufficiently to overcome the adaptive capacities of the liver to secrete more VLDL, and result in the accumulation of triglycerides (TG) in the liver (33) . On the other hand, insulin resistance may be the consequence of chronic lipid accumulation in insulin-sensitive tissues. For example, muscle-and liver-specific over-expression of lipoprotein lipase causes TG accumulation in muscle and liver, and impairment of insulin signaling and action in the respective tissues (17). A strong relationship between fatty liver and insulin resistance also is established in patients (26, 27 ).
NAFLD poses a major health problem because it may lead to steato-hepatitis, cirrhosis, and liver failure. The patho-physiological mechanisms by which steatosis may progress to steato-hepatitis, fibrosis, and cirrhosis remain unclear, but steatosis appears to be an essential precursor (10) . Thus, controlling hepatic TG levels may be important in reducing the risk of developing chronic liver disease.
Fatty liver is due to an imbalance between the availability of hepatic TG for export and the disposal system of the liver (1, 20, 36) . Both genetic and environmental factors are likely to be important. The major sources of hepatic fatty acids for TG assembly are those synthesized de novo in the liver and free fatty acids (FFA) derived from plasma. Genes involved in de novo lipogenesis are controlled by sterol regulatory element-binding protein (SREBP)-1c (40) , a mediator of both nutritional stimulus and insulin action in hepatic lipogenesis (16). Mice over-expressing SREBP-1a develop severe fatty liver due to overproduction of cholesterol and fatty acids (32) . Elevated fasted levels of FFA in plasma, such as those in fasting, increase delivery of FFA to the liver, which may cause excessive hepatic TG accumulation despite an accompanying increased fatty acid oxidation (15) .
The major disposal routes for hepatic fatty acids and TG are comprised of the export of hepatic TG via VLDL (39) and the oxidation of component fatty acids in mitochondria, peroxisomes and microsomes (41) . Here too, both genetic and environmental factors are important. For example, the impaired capacity for fatty acid β-oxidation upon fasting in PPARα null mice results in the accumulation of hepatic TG (18). A defective VLDL transport system that impairs hepatic lipid exporting capacity also may result in fatty liver. This is seen in abetalipoproteinemia, caused by mutations in microsomal triglyceride transfer protein that is essential in the assembly of chylomicrons and VLDL particles (37) , and in familial hypobetalipoproteinemia due to truncation-specifying mutations in apolipoprotein (apo)B, the indispensable structural protein in the formation and secretion of VLDL (6, 31, 35 ).
Thus, the major genes for developing fatty liver, identified to date, are selected genes in the fatty acid synthetic and oxidative pathways, and in the VLDL export system. However, modifier genes (22, 23 ) as yet not identified may be contributing to the development of steatosis. This is suggested by the finding that engineered apoB gene mutation-bearing mice [e.g. apoB +/38.9 and apoB +/27.6 heterozygotes] produced on mixed C57BL/6JX129/SVJ genetic backgrounds manifest significantly elevated hepatic TG on average, but inter-individual variation is high (7, 8, 31) , probably reflecting the heterogeneity of the genetic backgrounds. Indeed, while groups of these mice on average contain 50% C57BL/6J and 50% 129/SVJ genes, the genetic complements of individual animals may deviate materially from the 50-50 mean (Yue et al unpublished).
Inter-individual variation of hepatic TG levels should be significantly smaller in congenic strains bearing apoB truncation-producing mutations than in the apoB mutation-bearing mice of 50-50% C57BL/6J and 129/SVJ mixed background.
To identify potentially useful parental strains for the production of congenic mice,
we performed a mouse strain-survey of liver TG levels in ten inbred strains, the results of which form the bulk of this presentation. Significant strain-related differences in hepatic TG contents were found. To ascertain which physiological, biochemical processes may play roles in determining the differences in liver TG contents among the 
MATERIALS AND METHODS
Mice and diet Ten inbred strains of mice (6 weeks old), AKR/J (AKR), BALB/cByJ (BALB/c), C3H/HeJ (C3H), C57BL/6J (C57BL), C57BL/6ByJ (C57BLBY), DBA/1LacJ (DBA), 129/SVJ, NZB/B1NJ (NZB), PL/J (PL), and SWR/J (SWR) of both genders were purchased from Jackson Laboratory (Bar Harbor, ME). AKR males were not studied because only AKR females were available from the supplier. Mice were housed in a room maintained at 24ºC with a 12-hour light and 12-hour dark cycle (6:00 A.M. to 6:00 P.M. Analytical procedures Body fat (%) was assessed on anesthetized living mice by dualenergy x-ray absorptiometry with the use of a small animal densitometer (Lunar) (3).
Plasma samples were assayed for triglycerides, total cholesterol, and free cholesterol as described (7, 19) . Lipids were extracted from liver and assayed for TG (7) . [Hepatic TG levels were somehow lower in the three strains compared with their counterparts during the survey carried out at 4-6 hours of fasting, probably due to the use of a different TG analysis kit from a supplier, which systematically did yield lower hepatic TG levels when used on the surveyed livers (data not shown). The same kit was used for all of the fasting experiment]. Cellular protein contents were determined as described (7) . was excised and digested in potassium hydroxide. After extraction of the nonsaponifiable lipids with petroleum ether, the sample solution containing the saponified lipids was acidified with sulfuric acid, and fatty acids were extracted with petroleum ether as described (11) . The radioactivity in total fatty acids was determined by scintillation counting. The fatty acid synthesis rates are reported as disintegrations per hour per milligram liver.
Determination of in vivo hepatic TG secretion rates Hepatic production of VLDL-TG was measured after injection (IV) of Triton WR1339 (500 mg/kg of body weight) on mice fasted for 4 hours (7). Tail vein blood samples were taken at the specified times after injection for TG measurement and measured as described above.
Determination of fatty acid oxidation in primary cultures of hepatocytes Primary mouse hepatocytes were isolated as described (7) . Cells (1.0 x 10 6 ) were cultured in a flask for 2 hours in 4-mL DMEM containing 10% FBS, medium was then changed to DMEM containing 5% FBS. After an overnight culture, cells were washed three times with PBS. To determine fatty acid oxidation, 14 C-palmitate (0.25 µCi/mL) was added to the medium. At the end of two-hour incubation, a portion of the cell medium (250 µL)
was removed to determine acid-soluble products (ASP) as described (13 with an Applied Biosystems GeneAmp 5700 sequence detection system using SYBR
Green dye binding to PCR product (5). Primer Express 2.0 software was used to design amplimers for both genes of interest and GAPDH, the latter of which was used for normalization in RT-PCR.
Statistics All statistic analyses were conducted using SAS (Version 9, SAS Institute, Gary, NC). Data are expressed as means ± SD. ANOVA (PROC GLM) followed by (12) .
RESULTS

Hepatic TG levels
Liver TG levels, averaged on both genders, varied over a 6-fold range among the strains, from 49.7 ± 5.5 mg/g protein (SWR) to 316.5 ± 25.8 (BALB/c) (Figs. 1a and 1b).
Liver TG contents showed similar strain-related differences across both genders. The presence of the SCAD mutation was confirmed in both BALB/c males and females (data not shown), but it was not detected in any of the other strains (data not shown).
Body weight, body fat, liver weight and liver to body weight ratio
Body weights ranged from 25.3 ± 2.7 g in BALB/c males to 20.8 ± 2.8 g in SWR males. Among females, AKR were heaviest (26.8 ± 1.7 g) and PL, the lightest (24.1 ± 2.0 g) (Table 1a) . Body fat contents were highest in AKR females (males were not available), followed by PL of both genders (Table 1a) . BALB/c and SWR males and NZB females were among the lowest. With respect to liver/body weight ratio, BALB/c males and females ranked at the top and 129/SVJ at the bottom (Table 1a) .
Plasma lipids
Plasma TG concentrations varied ~ 3.0-fold, ranging from 59.2 ± 16.6 mg/dL (C57BLBY) to 173.8 ± 12.4 (BALB/c) for males, and from 61.1 ± 17.5 (C57BL) to 203.8 ± 22.7 (PL) in females (Table 1b) . Plasma TC ranged about 2.5-fold, from 70.6 ± 5.0 mg/dL (C57BLBY) to 153.1 ± 4.7 (NZB) for males, and from 63.3 ± 7.7 (C57BLBY) to 164.8 ± 10.1 (C3H) in females (Table 1b) (Table 1b) .
Plasma β-hydroxybutyrate and glucose concentrations
Plasma BHB concentrations were alike in males (although male SWR had the highest level numerically), but differed among strains in females (Table 1c) . SWR had the highest concentration, whereas PL had the lowest. Significant differences in glucose concentration existed among the strains of both genders. The C57BL strain had the highest plasma glucose concentrations for both males and females (Table 1c) .
Correlation and variance component analysis
Many of the parameters reported above have been shown to correlate with liver fat in humans (31) . Therefore, a series of correlations were sought in an attempt to identify correlates of hepatic fat in mice. Correlations between body weight and hepatic TG were significant only in males (data not shown). Correlations between body fat and hepatic TG were significant only in females. Hepatic TG level was significantly and positively correlated with liver/body weight ratio for both males and females (Table 2) .
Hepatic TG was positively correlated with plasma TG only in males. No significant correlations existed between hepatic TG and TC (Table 2 ). However, hepatic TG level was negatively correlated with plasma free cholesterol level for both genders (Table 2) .
No significant correlations existed between hepatic TG levels and plasma BHB concentrations (Table 2) . Thus, univariate analysis did not identify any consistent covariates of hepatic TG except for the liver to body weight ratio.
We next examined how much of the differences among strains was due to "environmental" effects versus strain [genetic] effects, using variance component analysis. On two-way ANOVA to assess the effects of strains and gender, there were significant differences in plasma lipids, and plasma BHB and glucose concentrations among ten strains (Tables 1a-1c ). An overall gender effect was observed for plasma TG levels in the mouse strains. When the total liver TG variance was partitioned into V env and V strain , significant strain effect was observed in both genders [P < 0.001]. Interstrain variation explained about 90% of total hepatic TG variation in males and about 76% of total variation in females. 2B ). Fatty acid β oxidation rates, determined in primary hepatic cell cultures, were similar in BALB/c and C57BL and higher in SWR (Fig. 2C ). These data suggest that SWR livers synthesize fatty acids at a lesser rate and oxidize them at a faster rate than the other two strains, leaving less TG for hepatic accumulation. Clearly, low levels of hepatic TG in SWR are not due to enhanced export from liver.
Physiologic/biochemical studies on male BALB/c, C57BL, and SWR
A. Hepatic lipogenesis, TG secretion, and fatty acid oxidation
B. Responses to fasting: liver TG levels, plasma FFA and β-hydroxybutyrate
concentrations Mean hepatic TG contents in the fed state were BALB/c>C57BL>SWR
[same rank-order as noted during the ten-strain survey]. Hepatic TG contents rose significantly with fasting in BALB/c and C57BL at 6 and 14 hours, but in SWR only at 14 hours (Table 3) . Mean fasting-induced rises [∆ 14hours-0hour] were ~80 mg/g in SWR, ~200 mg/g in C57BL and ~230 mg/g in BALB/c (P < 0.01 for the overall trend). Rises also were largest for BALB/c, at 6 hours, i.e. the livers of BALB/c and C57 BL were less able to "adapt" to fasting than SWR.
In the fed state, FFA concentrations were highest in SWR, and rose in all strains with fasting, reaching the highest levels in BALB/c at 14 hours. The rise in FFA levels reflects the stimulatory effect of fasting on lipolytic rates in adipose tissue, balanced by rates of uptake by liver, muscle and other tissues (25) . It is not clear whether the largest fasting-induced rise in BALB/c is due to more rapid lipolysis, slower rate of removal from plasma or slower rate of hepatic oxidation perhaps due to the deficiency of SCAD.
In the fed state, BHB levels were highest in SWR. With fasting, levels rose in all strains, but rises were greatest in SWR and least in BALB/c. These data are compatible with a greater capacity by livers of SWR to adapt to fasting-induced FFA mobilization, by most effectively enhancing fatty acid oxidation among the three strains, thus limiting hepatic TG accumulation.
C. Glucose tolerance
Responses to glucose tolerance test were similar between male and female, thus results were combined for both genders. Glucose levels were highest in C57BL in response to glucose loading (Fig. 3 ). Levels were similar in BALB/c and SWR. (Table 4a) . Ten were over-expressed, and 13 under-expressed in C57BL relative to SWR (Table 4b ). Fifteen genes were over-expressed and 12 under-expressed in SWR relative to BALB/c (Table   4c fold over-expressed in C57BL relative to both BALB/c and SWR. This is compatible with the relative glucose intolerance exhibited by this strain (see Fig. 3 ) that may lead to increased synthesis of fatty acids.
To confirm that the large-scale analysis had correctly identified differentially expressed transcripts, 4 transcripts were selected for validation by RT-PCR. Results were similar to those obtained from gene expression profiling (Table 5) . Primer pairs used also are listed in Table 5 . In an attempt to identify metabolic co-variates of liver TG we performed a series of correlation analyses. Only liver/body weight ratios were significantly and positively correlated with liver TG in both genders. The other parameters of body weight, and body fatness, and plasma metabolites such as glucose, BHB, plasma TG were not consistently correlated across strains and genders (Table 2) . Thus, the parameters of adiposity or insulin action that correlate with liver fat in humans (31, 34) appear not to be correlated in mice, for reasons that are not clear. The negative correlation of hepatic TG with plasma free cholesterol remains unexplained.
In order to understand some of the physiologic/biochemical processes underlying the strain-related differences in hepatic TG we studied mice representing the highest (BALB/c), middle range (C57BL), and the lowest (SWR) levels of hepatic TG. Males were used because they were more readily available and we saw similar strain differences in hepatic TG in both genders. Glucose tolerance, reflecting insulin action was studied in the 4-6 hour fasted state. Processes contributing to hepatic TG levels such as hepatic fatty acid synthesis and oxidation, and hepatic TG transport were studied (7, 9, 15, 20) in the fed state. Finally, responses of hepatic TG to 6 and 14 hours of fasting were compared with the fed state. We attempt to explain the differences among the three strains in terms of the relative rates of the above processes we studied.
SWR showed significantly lower rates of hepatic lipogenesis [ Fig. 2A ] and TG secretion [ Fig. 2B ], and higher rates of fatty acid oxidation [ Fig. 2C ], than both the BALB/c and C57BL strains, while these parameters were similar in BALB/c and C57BL.
These data suggest that SWR may maintain lower hepatic TG levels than the other two strains by presenting lower amounts TG loads to the VLDL export system. Clearly, since hepatic TG export was low, liver TG levels were not low because export was increased.
SWR livers also have more efficient capacities to resist the hepatic TG-raising effects of fasting [ Table 3 ]. They appear to accomplish this by keeping plasma FFA levels low, which may indicate relatively low rates of lipolysis in adipose tissue and less delivery of FFA substrate to hepatic TG production, and BHB levels high which may indicate efficient rates of ketogenesis. Both processes would tend to reduce the amounts of hepatic TG loads available for export via the VLDL system during fasting, in comparison with BALB/c and C57BL strains.
Glucose levels were highest in C57BL in the survey [ SCAD is a mitochondrial enzyme that catalyzes the first reaction in the β-oxidation of short-chain fatty acids. BALB/c mice bear a spontaneous deletion in SCAD gene and develop fatty liver after 18 hours of fasting (28, 29) . However, it is worth noting that in the fed state, while BALB/c had considerably higher hepatic TG levels than C57BL, the two strains had similar rates of hepatic fatty acid synthesis, hepatic TG secretion, and similar concentrations of plasma FFA and BHB. Similar rates of longchain fatty acid β-oxidation as measured by using 14 C-palmitate as the substrate also were found between C57BL and BALB/c. This raises questions as to whether the SCAD mutation is sufficient to explain the higher hepatic TG contents in BALB/c in the fed state.
It is possible that static measurements of plasma concentrations do not adequately reflect the deficiency in the action of SCAD. determine whether the similar plasma levels of the two metabolites in fed BALB/c and C57BL reflect similar rates in input or output. It is conceivable that the rates of input and output differ in the two strains, but the balance between the two rates resulted in similar plasma levels. For example, if rates of lipolysis and tissue uptake are both higher in BALB/c, FFA levels in plasma could remain similar to C57BL levels, but the higher hepatic uptake of FFA in BALB/c could result in higher levels of hepatic TG, not explainable by the SCAD defect alone.
The fasting experiment appeared to support a fatty acid β-oxidation defect in BALB/c mice (the least rise in plasma BHB levels in response to fasting). However, this reflected more of a defect in the fasting situation, consistent with the development of fatty liver upon 18 hours of fasting in this strain (29) .
One way to settle these issues would be to examine another BALB/c strain with intact SCAD function. We have studied another BALB/c strain available from Jackson Laboratories, the BALB/cJ strain. Hepatic TG contents of male BALB/cJ in fact are lower, resembling those of SWR. However, the two BALB/c strains also differ in at least 43 of ~300 microsatellite markers genotyped across the genome (http://www.cidr.jhml.edu/mouse/mouse.html). Thus, at this time, it is not possible unequivocally to ascribe the excess hepatic TG in the fed state to the SCAD deficiency alone. It remains to be investigated whether other factor(s) besides SCAD mutation causes fatty liver in this mouse strain.
We performed a gene expression survey expecting to find additional explanations for the inter-strain differences in hepatic TG contents. Most of the differences in hepatic gene expression remain to be explained. However, as noted, the relative over-expression of the SCD-1 transcript in C57BL was useful in explaining the contribution of presumed increased palmitate desaturation to oleate to the higher hepatic TG levels in C57BL (Tables 4a and 4b Each value represents means ± SD. Male mice were sacrificed after fasted for 0 hour (BALB/c, n=6; C57BL, n=6; and SWR, n=3), 6 hours (BALB/c, n=3; C57BL, n=3; and SWR, n=3), or 14 hours (BALB/c, n=3; C57BL, n=3; and SWR, n=3). * TG, triglycerides; † FFA, free fatty acids, ‡ BHB, β-hydroxybutyrate. Duncan's multiple tests were used to compare the differences of means with an overall α = 0.05. Lower-case superscripts refer to differences across the rows, i.e. related to increasing duration of fasting within the same strain. Upper case superscripts refer to columns, i.e. same duration of fasting across the three strains. Different superscript letters indicate significant differences (P < 0.05) Liver total RNA was isolated and pooled from 5 male mice from each strain.
Quantitative real-time PCR was performed from the pooled total RNA as described in Materials and Methods. * NA, not applicable. 
